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Many asbestos workers are or have been
occupatiosasfcigarette smokers, and numerous epidemi-
I ological reports have shown that the com
.fl ...4 of.ig -level occupational asbes-
-tos exposure and cigarette smoking pro-
...4t..... duces a synergistic increase in the inci-
ha....e,b
~~IZII ~~~~. ~~~ dence of lung cancer; i.e., the lung cancer
~rate is greater than that expected from sim-
ret-te sm ~ply adding the rates fo
and smoking alone (1). In contrast, al-
- though amphibole asbestos is a powerful
been repeatedly observed that cigarette
either~~. in.ternal. ...or smoking has no effect on mesothelioma
~incidence (2).
$55The reason(s) for this difference be-
tween the effects of smoke on mesothe-
~4lioma and lung cancer rates is not known,
but a variety of hypotheses have been pro-
~~ ~~~~pos ed. One hypothesis is that the actual
upTypnbleafier mechanism of mesothelial carcinogenesis is
nMal'smoke., drncil ptlAl completely different from bronchial car-
tointerna Smoeddso uptae oa cinogenesis. It has been suggested that
exwrssa~~~~~~~~~~~~~~~~... .... .
asbestos acts as a complete carcinogen in
.a ..e..
s...i. io. by...c.nn.ing.the pleura but as a promoter, with cigarette
~smoke-as the initiator, in the bronchial tree
al cel utr.r ctr.wh ra..tr (3). Another possibility is that, although
:sm smoke is believed to increase retention of
.:damgea"-indesotahehial celi deacmnt. asbestos fibers and thus increase the effec-
Caaaeand.d deoain,svngrof tive dose in the bronchial tree (4), smoke
might not augment the uptake of asbestos
.duced fibers by mesothelial cells. A third theory
relates to the sensitivity or lack of sensitivi-
.xe .a..do en.. ty of the pleura to oxidant injury. Asbestos
fibers have been shown to function as cata-
bleutkJn lysts for the formation of hydroxyl radical,
ro e per
and it has been suggested that active oxys-
damgewasia.estan gen species may be important mediators of
asbestos-induced carcinogenesis (5,6).
esohe Cigarette smoke is also a source of active
sensit.. oxygen species (6-8), and the combination
atvoxenspecies 2).the of asbestos and smoke has been shown to
lead to synergistic increases in the inci-
peoxde;.).bro chia.epi....a dence of DNA strand breaks in cultured
..en...i. .. s. mo. ke.
cells (9) and to increases in the uptake of
asbestos fibers by tracheal epithelial cells in
organ culture (10). Both these effects can
speces.. :ywords: be prevented by scavengers of active oxy-
~~~atalse aette gen species (9-11), suggesting that one
Bmke aeeoamse mesotheia cellsA.- effect of smoke may be to augment oxidant
Efas*Psetp.ctlOl~~~~:10326 01-993) injury to bronchial epithelial cells. In con-
trast to bronchial epithelial cells, the sensi-
tivity of mesothelial cells to oxidant dam-
.......... ....age has been disputed (6,12-14; see
Discussion).
Alternatively, it is possible that meso-
............thelial cells are indeed damaged by smoke
but that smoke cannot penetrate the pleu-
ra. Even in small laboratory animals that
have a relatively thin connective tissue
layer in the visceral pleura, physical agents
such as inhaled asbestos fibers appear to be
largely prevented from crossing into the
pleural cavity (15). The pleural connective
tissue in humans is much thicker than it is
in laboratory animals. Nothing is known
about smoke penetration through the pleu-
ra, but it is entirely possible that the pleur-
al connective tissue acts as a barrier that
prevents smoke from reaching the meso-
thelial cells. In this paper we examine the
effects of active oxygen species in cigarette
smoke on mesothelial cells and also evalu-
ate the question of whether smoke pene-
trates thepleura.
Materials and Methods
We divided female Sprague-Dawley rats
weighing 250 g (Charles River Laborator-
ies, Quebec) into groups as shown in Table
1. Each group contained three or four ani-
mals. The rats were anesthetized and
exsanguinated, the tracheas cannulated,
and en block preparations of heart and
lungs excised. We immediately dipped the
heart and lung preparation into Dulbecco's
modified Eagle medium (DMEM) to pre-
vent drying of the pleural surface and to
wash offany blood. The lung preparation
was then transferred to a humidified cham-
ber at 370C, and the cannulated trachea
was connected to a pressure-controlled
lung inflation device.
We generated whole cigarette smoke by
drawing 20 cc puffs ofair through a burn-
ing, commercial, nonfilter cigarette once
per minute and injecting the smoke into a
2-1 humidified chamber. Each puff was
added sequentially to the chamber (10).
For external smoke exposures, we suspend-
ed the excised lung preparation in the
smoke chamber and inflated the lung with
air. For internal smoke exposures, we sus-
pended the lung in humidified air and first
deflated (see below) and then inflated it
with smoke drawn from the smoke cham-
ber. This procedure ensured that the con-
centration of external or internal smoke
delivered to the lung parenchyma orpleura
was the same. Air controls received internal
and external air. All procedures were car-
ried out at 370C.
During exposures, we inflated lungs
from the various groups with air or smoke
as appropriate via the trachea to a pressure
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Table 1. Percentage of pleural surface showing
Trypan blue uptake (means ±SD)
Percentage
Treatment ofsurface
Air control
10min 0.4±0.6
15min 0.1 ±0.1
Internal smoke
6puffs 0.1±0.1
15 puffs 0.5±0.7
External smoke
6 puffs 34.1 ± 16.1*
15puffs 47.1±15.4*
External smoke (6 puffs)
+ Catalase 1.2 ±1.4
+ Boiled catalase 33.1 ± 10.9*
+ Deferoxamine 3.6 ±5.4**
Internal hydrogen peroxide
0.002% (0.6 mM) 3.5 ±2.9*
0.01% (3 mM) 2.8 ±2.9*
0.05% (15 mM) 9.7 ± 1.7*
External hydrogen peroxide
0.002% (0.6 mM) 11.4 ±3.8*
0.01% (3 mM) 16.8 ±7.3*
0.05% (15 mM) 21.4±8.5*
*Significantly greaterthan 10-min air control
(p<0.01).
**Significantly greaterthan 10-min air control
(p<0.05).
of20 cm ofwater, held them at that pres-
sure for 45 sec and then deflated the lungs
by drawing the air or smoke out at a pres-
sure of-20 cm ofwater. Each inflation and
deflation cycle lasted about 1 min. This
procedure ensured that fresh air or smoke
reached the periphery of the lungs when
administered via the trachea and that any
structural changes induced in the mesothe-
lial cells by inflating and deflating the
lungs would be the same in all treatment
groups. For groups receiving 6 puffs ofair
or smoke, total exposure time was 10 min,
and for groups receiving 15 puffs of air or
smoke, total exposure time was 15 min.
To test the protective effect of scav-
engers of active oxygen species, we made
additional lung preparations and dipped
them before exposure to smoke or air in
culture medium (DMEM) containing a
final concentration of 1300 U/ml catalase
(Boehringer-Mannheim, Laval, Quebec) or
inactivated catalase (1300 U/ml, boiled for
10 min), or 10 mM deferoxamine (Des-
feral, Ciba-Geigy, Toronto). Because
internal smoke exposure produced no
mesothelial cell damage, these experiments
were only carried out with external smoke
exposure.
We carried out hydrogen peroxide
exposures using various concentrations of
hydrogen peroxide (Table 1) in culture
medium. Because hydrogen peroxide expo-
sure required solutions rather than air or
smoke, for these protocols the lung prepar-
ations with external hydrogen peroxide
exposure were initially deflated as de-
scribed above and then inflated via the tra-
chea with culture medium without hydro-
gen peroxide. For internal hydrogen perox-
ide exposure, the solutions were reversed.
Exposure time was 10 min at 37°C. After
10 min we rinsed lungs exposed to external
hydrogen peroxide in several changes of
culture medium. For lungs exposed to
internal hydrogen peroxide, the hydrogen
peroxide solution was lavaged out with cul-
ture medium.
To demonstrate the extent of pleural
mesothelial cell damage caused by each
protocol, we used the Trypan blue (Gibco
Laboratories Inc, Grand Island, NewYork)
exclusion technique. Immediately after
exposure, the right lung and heart were
clamped, ligated, and removed. The right
lung with cannulated trachea was inflated
with air, submersed in 0.15% Trypan blue
for 1 min, and then rinsed with normal
saline for 5 min to remove excess dye. We
then photographed the lateral surface of
the caudal lobe by reflected light and pre-
pared a digitized image ofthe surface using
a Leitz TAS-plus Image Analysis System
(Wetelar, Germany). We used the pleural
surface of a lung from an untreated rat to
establish the reference gray level, and the
extent of darker areas (i.e., foci of Trypan
blue uptake) was then determined and
expressed as a percentage ofthe total mea-
sured surface for each treatment group. We
compared the percentage of Trypan blue
staining areas among the different groups
by analysis of variance. In initial experi-
ments, we prepared frozen sections of the
peripheral Trypan blue stained lung to
ensure that the dye did not penetrate
through the pleura and stain underlying
parenchyma, which might show up on the
digitized image. No staining ofunderlying
parenchyma was seen on the frozen sec-
tions.
To compare the sensitivity of the
bronchial epithelium to that of the meso-
thelium, we exposed additional excised
lung preparations to internal smoke (six
puffs over 10 min) or air, and dissected the
trachea and mainstem bronchi from the
lung, opened flat it by longitudinal dissec-
tion, and exposed it to Trypan blue in a
similar fashion. Photographs ofthe treated
airways were then taken by reflected light,
and the images were digitized as above.
After air or smoke exposure, the left
lung was removed and fixed overnight in
2.5% glutaraldehyde in 0.1 M cacodylate
buffer. Samples from the same area ofthe
lateral pleural surface of each lung were
then excised, postfixed in osmium tetrox-
ide, dehydrated with graded ethanols,
embedded in epoxy resin, and sectioned
for electron microscopic examination.
We used blocks taken immediately
adjacent to the transmission electron
microscopy blocks for scanning electron
microscopy. The fixed blocks were
rinsed with 0.1 M cacodylate buffer,
dehydrated, critical point dried, and coat-
ed with gold.
Results
Mesothelial cells from the lungs exposed
only to air demonstrated no visually
apparent uptake ofTrypan blue along the
mesothelial surfaces, except for occasional
minor staining at the edges of the lobes.
This phenomenon was seen sporadically
in all treatment groups and appears to
represent a drying effect in a region of
large surface area. (For this reason care
was taken that the electron microscopy
samples were obtained from the centers
of the lateral surface of the lung, and the
edges ofthe lobes were excluded from the
image analysis.) Scanning electron mi-
croscopy revealed that the pleural meso-
thelial cells in the air control group were
dome-shaped and had abundant surface
microvilli (Fig. IA). Transmission elec-
tron microscopy showed well-preserved
mesothelial cells with numerous elongat-
ed microvilli (Fig. iB). No Trypan blue
uptake was seen in the large airways in
this group.
-I
Figure 1. Control lungs exposed to air externally
and internally as described in text for 10 min. (A)
Scanning electron micrograph shows mesothelial
cells with a dense population of microvilli (1000x).
(B) Transmission electron micrographic view of
well-preserved mesothelial cells. The pleural
space is at the top of the field, lung parenchyma
is atthe bottom ofthe field, and mesothelial cells
and pleural connective tissue are at mid-field
(3245x).
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The mesothelial cells from lungs in the
group exposed to either 6 or 15 puffs of
internal smoke showed no significant
Trypan blue uptake compared to air con-
trols (Table 1). Scanning and transmnission
electron microscopic findings were essential-
ly identical to those seen in the air control
groups (Fig. 2). Trypan blue uptake was
seen in the airways (Table 2).
Trypan blue uptake was widely distrib-
uted over the pleural surfaces of lungs
exposed to external smoke (Table 1). Exter-
nal smoke caused swelling of intracellular
organelles, loss of microvilli and separation
ofintercellular junctions, as well as lifting of
cells off the underlying pleural connective
tissue and sometimes complete detachment
ofcells (Fig. 3). Changes were always focal
and were more severe with 15 than with 6
puffs of external smoke; in particular, 15
puffs of smoke tended to produce large
denuded areas (Fig. 3C). The differences
between 6 and 15 puffs are greater than
might be apparent from Table 1 because of
extensive denudation of the mesothelium
after 15 puffs ofsmoke.
In lungs with external smoke exposure,
pretreatment with catalase abolished Trypan
blue uptake (Table 1) and completely pre-
vented the types ofdamage seen by electron
microscopy (Fig. 4A). Deferoxamine had a
similar effect in this group, although protec-
tion was not as complete (Table 1). Heat-
inactivated catalase did not prevent smoke-
induced cell damage (Fig. 4B).
The effects of hydrogen peroxide expo-
sure were similar to those seen with external
cigarette smoke; namely, extensive Trypan
blue uptake (Table 1), ultrastructure evi-
dence ofcell swelling and loss ofmicrovilli,
and detachment of mesothelial cells from
the underlying stroma (Fig. 5). These effects
were dose dependent (Table 1). Doses of
hydrogen peroxide higher than those shown
in Table 1 (for example, 0.1%) completely
removed the mesothelial cells. Damage to
the mesothelium caused by internal hydro-
gen peroxide exposure was always ofa lesser
degree, for any given hydrogen peroxide
exposure, than was seen with external expo-
sure (Table 1).
Table2. Percentage ofairway surface showing
Trypan blue uptake (means ±SD)
Percentage
TreatMent of surface
Air control
10 min 0.5±0.3
Internal smoke
6 puffs 4.9±0.6*
*Significantly greaterthan air control (p<0.001);
significantly lessthan uptake bypleura exposed
externally to six puffs ofsmoke (see Table 1)
(p<0.001).
Figure 2. Lungs exposed internally to six puffs of
cigarette smoke by repeated intratracheal infla-
tion as described in text. External surface was
exposed to air. (A) Scanning (1000x) and (B)
transmission electron micrographs (3520x) show
cellular structure identical tothatseen in controls
exposed to internal and external air. Orientation is
as described in Figure 1.
Discussion
In this study we designed a simple system
ofinternal or external smoke exposures to
evaluate two questions: Are mesothelial
cells sensitive to damage by smoke, specifi-
cally damage caused by the active oxygen
species in smoke, and does the pleura act as
a barrier to cigarette smoke and active oxy-
gen species?
In setting up these experiments, we
were forced to make some arbitrary choices
about exposure methods because mesothe-
lial cells are not normally exposed to
smoke or air, but the internal milieu ofthe
lung is. We considered exposing the tissue
to solutions through which smoke had
been bubbled, but this procedure would
not be related to any real inhalation expo-
sure,and is just as arbitrary a method of
exposing the pleura to smoke contents as is
direct smoke or air exposure. We also
wanted to ensure that smoke penetrated
deep into the lung and that the smoke con-
centration internally was as close as possi-
ble to that externally; thus we drew the
smoke from the same chamber for external
and internal exposures and manually
deflated the lung before injecting smoke
into the trachea. This approach ensured
that there was minimal dilution of the
smoke with air. If we intentionally punc-
tured the pleura of these lungs exposed
internally to smoke, smoke issued from the
tear, and we did occasionally note black
pigment under the pleura in this group by
light microscopy; both of these observa-
tions indicate that smoke reached the
periphery ofthe lung.
One additional advantage to this ap-
proach is that, because there is little resid-
ual air to dilute the smoke and because
there are no nasal passages to filter out the
smoke, the internal smoke concentration
obtained with our method is much higher
than could ever be achieved in an intact
animal breathing smoke in an exposure
chamber. In addition, the lack ofblood to
the excised lung means that the internal
antoxidant defenses of the lung will be
rapidly depleted by the smoke and cannot
be metabolically replenished. Thus, we
purposely manipulatied the system to allow
artificially high concentrations ofsmoke to
reach the pleura in order to detect damage,
ifany, from internal smoke exposure.
The use of this type of ex vivo lung-
preparation offers the advantage that one
can specifically test the sensitivity of
mesothelial cells in situ to internal or exter-
nal smoke and also test the barrier effects
of the pleura, procedures that are more
realistic than monolayer cell cultures, even
cultures growing on a collagen substrate.
At the same time, it must be emphasized
that this system is artificial and has a num-
ber of limitations. Most notably, although
the preparations are satisfactory for 15
min, when we tried to extend the exposure
times to 30 min, there was extensive
uptake ofTrypan blue and obvious ultra-
structural damage with air exposure alone.
By definition, therefore, our results in
regard to the lack of smoke penetration
through the pleura only apply to short-
term exposures, and we cannot rule out the
possibility that with either long or repeated
in vivo smoke exposures there would be
evidence ofsmoke penetration.
These problems do not affect our basic
conclusion that rat pleural mesothelial cells
are sensitive to smoke-induced damage and
that this damage appears to be produced
by active oxygen species. Cigarette smoke
is a rich source of free radicals of many
types (6-8), and active oxygen species in
the form of superoxide anion and hydro-
gen peroxide are present in gas-phase
smoke and are generated for long periods
from quinone radicals in the tar phase
(6,8,16).
Because the smoke was directly injected
into the trachea and the Trypan blue
uptake measurements were made only a
few millimeters away from the injection
site, it is reasonable to conclude that the
tracheal epithelium, after internal smoke
exposure, and the pleura, after external
smoke exposure, are subjected to similar
smoke concentrations. Nonetheless, Try-
pan blue uptake was seen on average in
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34% of the mesothelial cells after external
smoke exposure but in only in 4.9% ofthe
tracheobronchial epithelial cells after inter-
nal smoke exposure. Thus, a second con-
clusion is that mesothelial cells are consid-
erably more sensitive to smoke-induced
oxidant injury than bronchial epithelial
cells. These observations parallel those
made by Lechner et al. (17) , who showed
that in monolayer culture systems, meso-
thelial cells are about 10 times (roughly
what we found) more sensitive than bron-
chial epithelial cells to the cytotoxic effects
ofasbestos. This conclusion is not surpris-
ing, given that many facets of asbestos
cytotoxicity also appear to be mediated by
active oxygen species (5,6).
The fact that smoke damage in the cur-
rent experiments was morphologically sim-
ilar to that produced byhydrogen peroxide
and that it can be prevented by catalase
suggests an important role for hydrogen
peroxide as a mediator ofinjury. However,
as emphasized by Kamp et al. (6) in a
recent review, prevention of oxidant dam-
age by deferoxamine, which we also ob-
served, usually indicates the involvement of
iron in producing damage. Iron is present
in smoke tar as well as in cells and is
released from cellular iron-containing pro-
teins by cigarette smoke (18). In this set-
ting iron most likely acts to catalyze the
formation ofhydroxyl radical from hydro-
gen peroxide and superoxide anion [see
Kamp et al. (6) for further discussion of
this issue].
Our findings also support the idea that
mesothelial cells in general are sensitive to
oxidant attack. This question has been in
dispute (6). Gabrielson et al. (12) were
unable to find evidence of asbestos-
induced mesothelial damage by active oxy-
gen species using spin trapping, examina-
tion of cellular thiol levels, or free radical
scavengers. However, Goodglick and Kane
(14) found evidence of NBT reduction,
believed to reflect the generation ofsuper-
oxide anion, and mesothelial cell damage
as visualized by Trypan blue uptake in the
cells around asbestos fibers injected into
the peritoneal cavity. More recently,
Kinnula et al. (13) demonstrated that cul-
tured rat mesothelial cells were protected
against hydrogen peroxide by both the glu-
tathione redox cycle and intracellular cata-
lase, but that sufficiently high concentra-
tions of hydrogen peroxide did produce
cell injury. Our findings clearly support
the idea that mesothelial cells are sensitive
to oxidant, and specifically to hydrogen
peroxide, injury.
The third major conclusion in this
study is that smoke, or smoke components,
either do not penetrate through the pleura
or penetrate in relatively small amounts.
Because internally administered hydrogen
Figure 4. Lungs exposed to six puffs of external
cigarette smoke and catalase or inactivated
catalase. (A) Ultrastucture of mesothelial cells
after treatment with catalase did not differ from
air controls (3740x). (B) Treatment with inactivat-
ed catalase did not prevent external smoke-
induced damage (4785x). Orientation is as de-
scribed in Figure 1.
Figure 3. Lungs exposed to external smoke and
internal air as described in text. (A) Scanning
electron micrograph displaying focal loss of
microvilli, lifting of cells off stroma, and detach-
mentfrom stroma after six puffs of smoke (O1 00x).
(B) Transmission electron microscope view of
smoke-induced mesothelial cell damage includ-
ing loss of microvilli and swelling of intracellular
organelles after six puffs of smoke (6160x). (C)
Scanning electron micrograph showing extensive
mesothelial cell loss and broad area of complete-
ly denuded pleural stromal surface (left side of
field) after 15 puffs of cigarette smoke (1040x).
Orientation is as described in Figure 1.
peroxide solutions produce less damage
than externally administered hydrogen per-
oxide solutions at the same concentration,
it is clear that even the relatively thin
pleural connective tissue ofthe rat acts as a
physical barrier, and undoubtedly the
thicker pleura of humans is an even more
effective barrier (15). The fact that intra-
tracheal solutions of hydrogen peroxide
can produce mesothelial cell damage in a
dose-dependent fashion implies that the
failure of intratracheal smoke to cause
damage is in large part a concentration
effect. The amount of hydrogen peroxide
that can be detected even in solutions pre-
pared from concentrated smoke tar is sev-
Figure 5. Scanning micrograph of pleural surface
after external exposure to 0.01% hydrogen perox-
ide solution showing mesothelial cell damage
and lifting off of mesothelial cells from the under-
lying stroma (1100x). Orientation is as described
in Figure 1.
eral orders of magnitude smaller than the
concentrations of hydrogen peroxide that
we were using (6,16), and, as noted, the
internal milieu of the lung possesses con-
siderable antioxidant defenses that would
further decrease the amount of oxidants
available to penetrate the pleura in vivo. In
addition, the hydroxyl radical is extremely
reactive (7) and would react with tissue
components long before it could diffuse
across the relatively thickpleural barrier.
We cannot rule out the possibility that
low concentrations of hydrogen peroxide
or other active oxygen species from smoke
cross the pleura and are either detoxified
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by antioxidant defenses of the mesothelial
cells or damage these cells (13). Our sys-
tem does not allow evaluation of subtle
types ofmesothelial damage (e.g., oxidant-
induced DNA single strand breaks). This is
a limitation inherent in using this type of
excised lung preparation. We chose to
examine oxidant damage, but other forms
of smoke-mediated mesothelial injury
might also occur, for example, from aro-
matic hydrocarbon carcinogens in smoke
that may diffuse across the pleura.
Nonetheless, our observations do lend sup-
port to the idea that the pleura acts as a
barrier to the penetration of cigarette
smoke oxidants and that this barrier effect
might help explain the lack of synergism
between smoke and asbestos exposure in
producing pleural mesotheliomas.
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